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ABSTRACT 8RzP1.1
Our previous report on  delta ribozyme cleavage using N2 i !z; 3c 57
a trans-acting antigenomic delta ribozyme and a g & P2
collection of short substrates showed that the middle ga
nucleotides of the P1 stem, the substrate binding site, g6
are essential for the cleavage activity. Here we have § &P G
further investigated the effect of alterations in the P1 Pl y A
stem on the kinetic and thermodynamic parameters of & A
delta ribozyme cleavage using various ribozyme variants 3§ G C U

. : . . L. G G GoeG
carrying single base mutations at putative positions e e
reported. The kinetic and thermodynamic values 5 G 4oy
obtained in mutational studies of the two middle sp-gh & P4
nucleotides of the P1 stem suggest that the binding §%

cu

and active sites of the delta ribozyme are uniquely
formed. Firstly, the substrate and the ribozyme are

engaged in the formation of a helix, known as the P1 Figure 1.Secondary structure of the enginedrads-acting antigenomidelta

stem, which may Comain.a W(?ak hyd_rOQ?n bijd(S) or ribozymes and their complementary substrates. The base paired regions of the
a bulge. Secondly, a tertiary interaction involving the pseudoknot-like structure are numbered according to Perrotta and Been (5). The
base moieties in the middle of the P1 stem likely plays a secondary structure of the complex formed betvd&zP1.1 and its substrate,

role in deﬁning the chemical environment. As a con- SP1.1, is shown. The arrow indicates the cleavage site. The nucleotide
; numbering of both the substrate and ribozyme is indicated and referred to

sequence, the active S_'te _mlgh'_[ form _S|mUItaneOUS|y or throughout the text. The mutational analyses were carried on positions 7 and
subsequently to the binding site during later steps of 8 of the substrate and positions 23 and 24 of the ribozyme.

the pathway.

INTRODUCTION substrate recognition sequent@nsacting antigenomidelta
ribozyme systems, generated by a similar approach in the
Deltaribozymes, derived from the genome of hepatéitavirus  elimination of the J1/2 portion, are of different lengths, ranging
(HDV), are metalloenzymes. Like other catalytically activefrom 52 to 80 nt long, and exhibit various kinetic valiess). It
ribozymes, namely hammerhead and hairpin ribozymedeltse  has been previously discussed that the differences were results of
ribozymes cleave a phosphodiester bond of their RNA substratée variation in the non-ribozyme flanking sequenégés.(In our
and give rise to reaction products containingfay8roxyl and a previous report on the substrate specificity, we studied the
2',3-cyclic phosphate termini. Two forms délta ribozymes, interactions between tlieltaribozyme and the substrate, which
namely genomic and antigenomic, were derived and referred &me generally accepted as the formation of a helix referred to as
by the polarity of HDV genome from which the ribozyme washe P1 stem (Fidl). We introduced a single mutation into each
generated. Bottdelta ribozyme forms exhibit self-cleavage individual nucleotide of the substrate (positions 5-11 of the
activity and it has been suggested that they are involved in tkabstrate) and showed that the base pairs in the middle of the P1
process of viral replicationl). This type of activity has been stem (corresponding to A23 and C24 of deétaribozyme) are
described asis-actingdeltaribozymes ). important not only for substrate binding, but also for subsequent
Previously we have described the kinetics and the substragieps in the cleavage pathway, including chemical cleagage (
specificity of atrans-acting antigenomideltaribozyme, which Recently, the crystal structure of a self-cleaving gendeiia
is composed of 57 nt derived from the antigenomic self-cleavingbozyme has been reported to have a putative active site buried
motif, and its substrate is 11 ntlong (Hig3,4). Despite the same in a unique nested double pseudoknot without any indication of
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the involvement of the nucleotides located on the P1 s#em ( period ranged from 2 to 2@M, or 8-80 times the concentration
Regardless of the similar predicted secondary structures of the inactive ribozyme. The observed rate of cleavage was
genomic and antigenomiteltaribozymes ), it is possible that obtained from fitting the experimental data describing the
the X-ray structure of bottieltaribozymes are different. More substrate left during the chase period to a pseudo first-order
studies are required to achieve a better understanding of the nat¢piation as mentioned earlier. The observed cleavagédigde (
structure of antigenomic and genordlta ribozymes, especially in the pulse—chase reactions corresponds to the rate of cleavage
for theirtrans-active versions. In order to elaborate the effect ofky) and the rate of substrate dissociatiar)(i.e.kops=ko +k_1.
the P1 stem sequence on the cleavage pathway, we performe@amtrol experiments were carried out by adding trace amounts of
detailed kinetic analysis of the wild-typdelta ribozyme end-labeled substrate to a solution containing both inactive and
(6RzP1.1) and six of its variants (thr@@zP1-A23N and three active ribozymes at the same concentrations as in the test
O0RzP1-C24N ribozymes). Comparative analysis using botbxperiments. Observed cleavage rates were similar to those
kinetic and thermodynamic parameters in this report furthesbtained from parallel reactions containing only active ribozyme.
confirms the presence of tertiary interactions involving the positioriBhis observation indicated that the concentrations of active
A23 and C24 in defining the chemical environment of thaibozyme were high enough to prevent the reassociation of the
trans-acting antigenomideltaribozyme and its substrate complex. substrate to the inactive ribozyme during the chase period,
reflecting the rate of cleavade).

MATERIALS AND METHODS Rates of substrate associatidq) (were calculated from the
. equation described for the equilibrium state of the substrate
Preparation of RNAs dissociation KqS = k_1/ky).

: Equilibrium dissociation constants of both the substrate and the

. : oduct Kg° andK4P) were measured by non-denaturing PAGE.
polymerase as described previously. Uncleavable substrate ubstrate analogs and reaction products were chemically syn-

analogs having a deoxyribonucleotide substitution at position & - o4 <o as to have sequences corresponding to the P1 stem ¢

were chemically synthesized by the Keck OllgonUCIEOtld‘?‘he cleavable complementary substrates. For the uncleavable

Synthesis Facility (Yale University), deprotected as described %b : . P ;
2 . strate analog, the ribose was substituted by-tfeoXyribose
Perreault and Altmari.() and purified on 20% denaturing PAGE maiety at positi?)n 4, resulting in an uncleavgble su)éstrate. For

gels. Substrates were end-labeled by T4 polynucleotide kinase a0l :
described previously3]. The presence of alternative forms of e@(%mple, for the wild-type substrate SP1.1, SAC4 was synthesized

ribozymes and substrates were examined using a non-denaturgS GGGAGEGGUCGG. Various ribozyme concentrations

. . - ; 891000 nM) were individually mixed with trace amounts of
gel electrophoresis system. Various concentrations of ibozymeg 1 |apneled substrate analog (<0.1 nM) under similar cleavage
and/or substrates within the range used in these experiments w )

electrophoresed on 12% non-denaturing polyacrylamide g §§ay. conditions. To achieve an equilibrium state, the mixtures
using 29:1 acrylamide:bis-acrylamide in 45 mM Tris—borate cre m_cubated at SZ:'for 1 h prior to fractionation on 12%
pH 7.5 aﬁd 10mM MgGIbuffer and the relative amounts of the acrylamide non-denaturing gels. The valu'els(_éfwere calculated
varioﬁé forms quantified using a phosphorimaging screen an JSJ fitting experimental data to the simple t_)lndlng equation (% bound
Molecular Dynamics radioanalytic scanner. dpstrate = [RZM-" + [RZ], yyhgre [R-Z] 'S Fhe-‘ concentration of

' ribozyme andKq is the equilibrium dissociation constari)P

o _ values were determined in the same manner using the labeled
Kinetic analysis 3-reaction products.

Pseudo first-order cleavage rate constakisagd K,) were
measured with an excess of ribozyme (5-600 nM) and traggesyLTS
amounts of 532P-end-labeled substrate (<0.1 nM). Unless
otherwise stated, the reactions were carried out under stand@glta ribozyme variants and their complementary substrates
conditions in 2Qul mixtures containing 50 mM Tris—HCI, pH 7.5,
and 10 mM MgC and were incubated at 32Z. At least two  The trans-acting delta ribozyme variants were produced using
independent experiments were performed for each measuremeatasmid @RzP1.1 8,4). The variants have either A23 or C24
Reaction ratekg,9 were obtained from fitting the experimental mutated to one of the other three possible bases. The six resulting
data to the equatiofy = Ay(1 — eXt) whereA; is the percentage delta ribozyme variants are named for the altered nucleotide
of cleavage at timg Aq is the maximum cleavage (or the end(dRzP1-A23C, -A23G, -A23U, -C24A, -C24G and -C24U;
point of cleavage) arklis the reaction rate. Tablel). Complementary or compensatory substrates (Tgble
Rates of substrate dissociatioR_1f were measured by were generated in which either position 7 or 8 of the wild-type
pulse—chase experiments. Partitioning experiments as descrilsidbstrate (SP1.1) was altered in order to restore the Watson—Crick
by Hertelet al (11) and Fedor and Uhlenbeck2) were base pair formation of the P1 stem between the substrates and the
performed with a slight modification. An inactive version of theribozyme variants. Prior to performing a kinetic analysis, native
ribozyme, which contains the substitution of A for C at positiorgel electrophoresis was used to test for the possible presence of
47 in the wild-type ribozyme, was assumed to have similaalternative forms of the transcripts as described in Materials and
substrate binding and dissociation properties as an actiwethods. No alternative conformers were detected within the
ribozyme. Trace amounts of end-labeled substrate were mixedncentration range used (0.1-600 nM) when individual transcripts
with an inactive ribozyme (250 nM+M) to form an enzyme— were tested.
substrate complex. After an initial binding period (10 s—5 min), Primarily, we assessed the cleavage activity of each variant and
the initial mixture (3ul) was added to 27l of the active compared its extent of cleavage with that of the wild-type
ribozyme. The concentration of active ribozyme during the chasiozyme,0RzP1.1 (Fig2). Despite the different cleavage rates
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Table 1.Sequences of transcripts used 7))
90 e SPlL1
e SUSG
Transcripts Sequence 80 = Se%
Substrates g
SP1.1 1GGGCGGGUCGGy, I &
SG7A GGGCGGAUCGG £
SG7C GGGCGGCUCGG F
SG7U GGGCGGUUCGG g 40
SUSA GGGCGGGACGG & o
Susc GGGCGGGCCGG 201
SUSG GGGCGGGGCGG
SU8G-9mers 1GCGGGGCGGo b
0
Products
PP1.1 sGGGUCGGy, ®)
P2G7A GGAUCGG o
P2G7C GGCUCGG s SPLL
P2G7U GGUUCGG :
P2USA GGGACGG g
P2USC GGGCCGG e
P2USG GGGGCGG E
Ribozymes g
3RzP1.1 20CCGACCU» b
8RzP1-A23C CCGCCCU ©
SRzP1-A23G CCGGCCU
SRzP1-A23U CCGUCCU

3RzP1-C24A CCGAACU
S8RzP1-C24G CCGAGCU
8RzP1-C24U CCGAUCU

Subscript numbers represent nucleotide Figure 2. Comparative analyses of the cleavage reactions catalyzseltay
positions corresponding to the substrates, ribozymes. The extents of cleavage ofdReP1-A23N ribozyme variants were
the reaction products and the ribozymes compared with that of the wild-type ribozyn#tzP1.1 A). The extents of

cleavage of th8RzP1-C24N ribozyme variants were compared with that of the
wild-type B). The base pair formed between the ribozyme and the substrate is
indicated by the capital and lower case letters, respectively, on each bar of the
histogram. The values are an average calculated from at least two independent
experiments.

observed, the extents of cleavage were observed to be between

0 and 80%, as compared with 60% for the wild-type ribozyme.

Under single turnover conditiondRzP1.1 is unable to cleave the 10 mM used under standard assay conditions (data not shown).
substrates with a mismatch at either position 7 or 8 reportgt/en after 3.5 h of incubation, a maximum cleavage extent of 15%
previously @). Ribozyme variants exhibited wider ranges ofwas detected in the presence of 25 mM magnesium. However, at
substrate specificity when G or U was introduced at either A23 @igCl, concentrations >100 mM, we observed an inhibitory effect
C24 of 3RzP1.1. For exampl@RzP1-A23G could cleave its of the magnesium 0bRzP1-A23C cleavage activity.
complementary substrate (SU8C) as efficiently as the wild-type Non-denaturing gel electrophoresis was also used for determining
substrate (SP1.1) and cleaved SUBA with less efficiencyhe binding affinity of 3RzP1-A23C and -A23U for their
O0RzP1-C24U cleaved single mismatched substrates (i.e. SP1 hcleavable substrates (i.e. SP1.1 and SUBC; seeZ)abiece
SG7U and SU7C). In contradRzP1-C24A, having A substituted §RzP1.1 was reported to bind its uncleavable substrates containing
for C24, specifically cleaved only its complementary substratey single mutation at position 8 with the same affinity as the
SG7U. InterestinglypRzP1-A23C, which has C substituted for wild-type substrated). Similar phenomena were observed for the
A23, did not efficiently cleave either its complementary substrat®23N ribozyme variants with their uncleavable substrates
(SUBG) or any single mismatched substrates (i.e. SP1.1, SUgfable2). 3RzP1-A23C could bind its complementary substrate
and SUBA). In order to eliminate possible alternative forms o&nalog with &S of 36 nM and the uncleavable substrates SP1.1
SU8G—fibozyme occurring due to two repeated GGGC sequencgsd SUSC withKgS of 33 + 8 and 25+ 8 nM, respectively.

in SUBG, the SUBG-9mer was synthesized with only 2 nt (GGQIRzP1-A23U could bind to its complementary substrate analog
adjacent to the cleavage site instead of the usual 4 nt (Mable with K4S of 113 nM and SP1.1 as well as SUSC wKt® of

This shorter version of SU8G was weakly cleaved b4+ 3and 140 nM, respectively. Since 8RzP1-C24N variants
dRzP1-A23C, with only a maximum cleavage extent of 7% aftegxhibited wider substrate specificities than those with the

4 hincubation. In order to determine what might cause this weakutation at position A23, their substrate binding affinity was not
catalytic activity, various concentrations &RzP1-A23C were determined.

pre-incubated with trace amounts of either end-labeled SU8G or

SU8G-9mer and subjected to non-denaturing gel electrophoresj ; ; : :
Alternative conformers were detected whidzP1-A23C was Hinetic studies ofdeltaribozyme variants
incubated with SU8G (11 nt), but not with SU8G-9mer. We alsdhe kinetic studies were employed to determine the effect of
verified the effect of magnesium on #RzP1-A23C cleavage of altering the P1 stem sequence on the cleavage pathway. The
SU8G-9mer by increasing the magnesium concentration abovelues of substrate associatioky)(and dissociation k(1),

(as depicted in Fig. 1).
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Table 2.Kinetic parameters fadeltaribozymes

Ribozyme ky (min?) Ky’ M)  ky/Kp Kue Ko Kq" Calculated k. Calculated k;
vl (mM) (nM) (nM) K" (aM) (min") UM 'min™)
min-1)

SRzP1.1 034002  17.9%56 19 22%1 32+3 42+5 285  0.13+0.03 4.0

SRzP1-A23C* 0.097£0.01  155%09 > 36+5 4516 1.3 ND ND

8RzP1-A23G 0.056+0.01  148+6.4 4 58+1 36+ 4 74+9 13 ND ND

8RzP1-A23U 0.19£0.01 25404 76 19412  113+20 17+3 25.6 0.02 £0.01 0.17

8RzP1-C24A 0.26 £0.02 102 £ 13 3 241 164+22  648+22 7345 0.02+001 0.12

5RzP1-C24G 023+002  13.7+86 17 25407 40+ 10 68+9 24.3 0.15+0.01 37

8RzP1-C24U 0.087£001 24.6%11.1 4 50+15 47+8 7347 530.9 ND ND

Under single turnover conditions, the cleavage ka}eafid the ribozyme concentration at the half velo#fy were determined. Calculated
KP1values were based on the prediction of thermodynamic stability of the P1 stem dupl&xYB8)dK 4" values were determined
using end-labeled uncleavable substrate analogs and synthetic reaction products as described in Materials and Methods.
ainetic parameters were determined using end-labeled SU8G-9mer.

bThe magnesium requirement could not be obtained by fitting the experimental data to the least squares equation.

ND represents non-determined values.

cleavage ratekg), as well as equilibrium substrate and product “4)
dissociation constantsK¢S and K4P) were measured for a
trans-acting antigenomideltaribozyme and its derived variants.

60 o= WT

- A23C
40 O A23G
- A3y

Product formation or the chemical cleavage step
(ORz-S » dRz-P2 + P1)

Wild-type delta ribozyme and its variants exhibited various
cleavage extents and specificities against the collection of
substrates examined. Therefore, we used the complementary 0
pairs of substrates and ribozymes for all subsequent kinetic 0 2 46 8101214161820
studies. The cleavage reactions were carried out under standard Timemn)
cleavage conditions described in Materials and Methods. The (B)
time courses of substrate cleavagedeita ribozyme variants

Product formed (%)

20

e

different observed rates of cleavad@zP1.1 andRz P1-A23U
exhibited similar observed rates of cleavage (0.25 ¥ibut
O0RzP1-A23U was found to have a higher extent of cleavage
(Fig. 3A). Similar findings were observed fdRzP1-C24A and ol b
-C24G as compared with the wild-type ribozyme (F3B). 0 2 4 6 8 10121416 18 20
dRzP1-A23G and -C24U cleaved their compensatory substrates fime(min)

6 and 4 times less efficiently thaRzP1.1, respectively. Within

20 min, all ribozymes had reached their maximum cleavage

extent. Various ribozyme concentrations were then used to obtain

the experimental data required for the calculation of appidrent

(Km") and apparerk, values (Tabl@). In general, the mutations Figure 3. Kinetics of cleavage reactions catalyzeddeyta ribozymes. Time

at either A23 or C24 reduced the rate, resulting in 2- to 6-foldtourse cleavage experiments of the wild-type and variant ribozymes under the
lower ko values, but diversely affected tig, values. For standard assay conditions described in Materials and Methods. The values for

A P edRzP1-A23N variants are presentedA) &nd those for th@RzP1-C24N
example’ the substitution of A or G at C24 resulted in rIbozymeg]ariants are presented B)( Symbols indicating the plots foRzP1.1 and the

(§RZP1-C24A and 'C24G) with similde ([0-3 min—l)’ but variants are listed in the square inset. The values were averages calculated from
differentKy,' values (102 nM fodbRzP1-C24A and 14 nM for  two independent experiments.

O0RzP1-A24G). As a consequence, the apparent second-order rate

constants, which could be considered as a lower limit for substrate

association, varied from 1@M-1min1 for the wild-type to determined the magnesium requirements of the wild-type and

4 uM~1min~1 for 3RzP1-A23G and -C24U, to 18M-lmin1  variant ribozymes as described previouslyrable2). We found

for dRzP1-A23U. theKyg values, the concentration of magnesium at half-maximal
Under the standard assay conditions, we observed a decreaseeincity, to bee 2 mM for most ribozymes. The mutations which

ko values with most of the mutants. To verify whether highereplaced the purine (A) by the other purine (G) at position 23

magnesium concentrations could restore the lost activity, W8RzP1-A23G) and the pyrimidine (C) by the other pyrimidine

were compared with that of the wild-type (FB). In these _ ® o wr
experiments trace amounts of substrate and 500 nM ribozyme e : caen
were used. We observed both different extents of cleavage and £ Dy
5 40
2

n
(=
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(V) at position 24dRzP-C24U) increased the magnesium requiregels, presumably due to their equivalent masses, we assumed tha
ment [2-fold (Table 2). Under the standard assay conditionghe observed value was reliable. We could measute tivalue

(10 mM Mg?*), 8RzP1-A23G has &, value of 0.06 mint.  of 0.13% 0.5 mirr! independent of either the substrate or the
However, at a higher concentration of Mgwe observed that its ribozyme concentration. Unfortunately, this method could not be
maximum observed cleavage rate was increased to 0.1% minused for the determination &f. Due to the limitation that the
dRzP1-C24U, whose Mg requirement is 5.1 mM, was found to measurement method required sufficient cleavage activity, we
have & value at higher Mg concentrations of 0.11 mith The  could only determine thke_; values for some variants, namely
cleavage activity ofdRzP1-A23C increased when the MgCl dRzP1-A23U, -C24A and -C24G (Tab®. We observed that
concentration was <25 mM and decreased dramatically atiMg@RzP1-C24G, having similde, Ky', Kvg and Kq® values to

concentrations >100 mM (data not shown). those of dRzP1.1, gavek ; values of a similar magnitude

(0.13-0.15 mim). In contrast, 5RzP1-A23U and -C24A
Substrate association and dissociation step exhibitedk; of 0.02 mirr, although both havi, and Kyg
(3Rz + S & 3Rz-S) similar to those of the wild-type ribozyme (TaBle

Equilibrium substrate dissociation constants were measured fioduct dissociation and association step

order to determine how the variants interact with their substrategrz.p2 + P1.. 3Rz + P1 + P2)

The six variants containing a single mutation at either A23orC24 i o )
can form conventional base pairs with their respective substrat&juilibrium product dissociation constants were measured using
resulting in the P1 stem of the pseudoknot-like struciraost ~ 5'-end-labeled P2 reaction products (7 nt long; see Tdbtehe
ribozyme variants exhibited similatqS values of (B0 nM, seqL_n_ences). Thg reaction pro_ducts (P2) seem to have binding
although the calculateidy values based on the P1 stem duplex@ffinities for the ribozymes similar to those of the substrates. The
were different (Tabl&). HigherKS values were observed for K4P values range between 40 and 60 nM for most variants, similar

5RzP1-A23U (113 nM) and -C24A (164 nM). to those measured fétsS (Table 2). Higher K4 values were
measured fo®RzP1-C24A, which also exhibited highkgS
Table 3.Comparative analyses of the thermodynamic parameters values. We found that onlyB0% of the end-labeled products
affected by the P1 stem mutations could bind to the ribozyme and examined whether the low

binding capacity of the reaction products and the ribozymes was

Ribozyme  *AG°m  "AGns NG AGem due to the presence of the phosphate group ori-#redSof the
reaction products. Under similar conditionseBd-labeled (by
SRzP1.1 -10.7 -10.64 18.8 -10.5 32pCp and RNA ligase) reaction products were tested. We did not
SRzP1-A23C  -12.6 -10.56 19.6 -10.4 detect any increase in the binding capacity (data not shown).
3RzP1-A23G  -12.6 -10.56 194 -10.1 Unfortunately, due to the low product-ribozyme binding capacity,
8RzP1-A23U  -10.7 -9-85 19.2 -11.0 we could not accurately measure keindk_3 values.
SRzP1-C24A  -8.7 -9.63 18.9 -8.9
3RzP1-C24G  -108 -10.49 19.1 -10.2 . . . .
5RZP1-C24U -89 -10.39 19.5 -10.1 Thermodynamic analysis ofdeltaribozyme variants

The kinetic parameters obtained were used for the calculation of
A standard state of 1 M free substrate and ribozyme at 310.15°K)37 Gibbs free energy with tHe values listed in Tabl2 being used
is assumed to be the same fordalitaribozymes. Gibbs energy changes  to calculate the transition state eneug@f) and thd(ds andeP
in units of kcal-mot are presented. values for the calculations &Gg.g and AGg.p respectively
[AG"pyis the calculated value for the P1 stem duplex (13). (Table 3). In general, the mutations caused a decrease in
The free energy of the enzyme-substrate compl@g §) and reaction g \strate-—ribozyme binding affinity, even though the potential to
product-tibozyme complexGe ) were calculated from tré® andK, form the P1 stem through conventional Watson—Crick base pairs
o oty 1) tons Al o e iaon IS identical to that in the wild-type situation. The destabilization
AGY = RTInkyh/kgT. R, molar gas constank, Planck constankg, of the substrate-ribozyme complex was detected for
Boltzman constant. O0RzP1-A23U and -C24A complexes with th&iGg.s values
increasingl kcal-motl. The mutations seemed to stabilize the

The substrate association and dissociation constangn¢  reaction product-ribozyme complex &RzP1-A23U since the
k) for the wild-type ribozyme were determined using aAGep value decreasedD.5 kcal-motl, but destabilize the
combination of active and inactive ribozymes for determinatioRroduct-ribozyme complex aRzP1-C24A since th&Geg.p
of thek_; values as described in Materials and Methods. Thealue increasedD.6 kcal-motl. We also noted changes in the
substrate molecules that dissociate from the inactive ribozyni@nsition state energy of 0.4-2 kcal-mamong the ribozyme
(A47)-substrate complex are cleaved by the excess acti¥ariants as compared with that of the wild-type. The calculated
wild-type ribozyme §RzP1.1) added during the chase period. Wéree energy therefore suggested #RtP1-A23U catalyzed the
used non-denaturing gel electrophoresis to confirm that rideavage of its substrate in the most favorable way as compared
alternative complex was present when the inactive and actiVéth all other ribozymes, including the wild-type.
ribozymes were mixed with the trace amount of substrate. The
inactive ribozyme was shown to lack cleavage activity (unpublishddlSCUSSION
data). Although the substrate binding affinity of the inactiveC
ribozyme might be different from that of the active ribozyme, its
use provided us with the lower limit fkr; as determined by this Previously, we showed that the positions A23 and C24, which are
method. Since we detected no alternative band in the non-denatuiinghe middle of the P1 stem &RzP1.1, might have significant

leavage reactions of ribozyme variants
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effect(s) on the cleavage pathwa).(In order to study their (i.e. SP1.1 and SUS8C), although it was surprising that it could
effects, we synthesized a collection of 11mer substrates containibigd SP1.1 better than its complementary substrate analog.
a compensatory mutation at position G7 or U8 (TableThe When the adenine at position 23 was substituted by the other
SUB8N substrates were used in the cleavage assays catalyzegine (G), the resultingRzP1-A23G variant exhibited similar
dRzP1-A23N ribozymes and the SG7N substrates in the assad$g’, K¢ andK4P values, but showedka value 6.3 times lower
catalyzed bydRzP1-C24N ribozymes. The mutations at eithethan that of the wild-type ribozyme. We observed that this
position SU8 or SG7 were designed to interfere with theibbozyme required more magnesium to reach its maximum
formation of the P1 stem between the ribozyme and substrate aridavage rate (0.1#4 0.01 mirrl; Table?2). The calculated free
ranged in effect from a very mild one on complementangnergy levels4Ge.s AGe.pandAGY) were less stable than those
Watson—Crick base pairing to the stronger interfering effect aif the wild-type and the increased amount of magnesium seemed
non-cannonical base pairing. The base pairs between ttestabilize the transition state conformation, lowerin
ribozyme (A23) and the substrate (SU8) will be referred to agalue by 0.6 kcal-mot.
A23N-SUB8N and those between C24 and SG7 as C24N-SG7NThe substitution of A23 with pyrimidine bases resulted in two
The position A23 seems to be the more restricted of the two witibozyme variants with quite astonishing characteristics. While
respect to any mismatches introduced in the substrate. Ttiee 6RzP1-A23C variant was almost inactivd@RzP1-A23U
conventional base pairing, for example23ASL8 (A:u), cleaved efficientlydRzP1-A23C was shown to form an alternative
A23U-SUB8A (U:a), @4-SEF (C:g) and C24ASG7U(A:u),  conformation with its 11mer complementary substrate, SU8G.
yielded the best P1 stem formation when the extent of cleavagwever, SU8G-9mer, for which only one form of substrate—
was used to score the effect of these mutationsZFigowever  ribozyme complex was detected, could not be efficiently cleaved
the A23G-SUBG (C:g) pairing did not follow the pattern (see by 6RzP1-A23C. When we measured the cleavage rate (reflecting
below). The wobble base pair between the two partners algg), we detected that the magnesium requirement of this ribozyme
resulted in an extent of cleavage similar to that of bothwvas very different from that of the wild-type and other variants. The
A23G-SU8 (G:u) and C24LBU8 (U:u). Some base pair optimal MgCh concentration was estimated to be 25 mM.
preferences were detected for these two positions. For exampleThe dRzP1-A23U variant cleaved its substrate with a rate
the wobble base pair (G-U) results in a higher extent of cleavagenilar to that of the wild-type ribozyme, but Hastimes less
when the ribozyme possesses the G instead of the U. affinity for its complementary substrate as compared with the
The introduction of any mutation might disturb optimal orwild-type substrate—ribozyme complex (Tat#g A higher

proper interactions between the ribozyme and its substrate aaffinity of 83RzP1-A23U for its reaction product, with thg"
therefore affect the minimum reaction steps in various waygalue being 2 times lower than tig” value of thedRzP1.1 and
depending upon how sensitive that position is to structurds product, was detected (Talile These kinetic results suggest
changes. Comparative analyses were undertaken to decipherttheoRzP1-A23U alone, among all variants tested, used the most
effect of a single mutation introduced into the middle ofiéfea ~ favorable catalytic pathway. Due to the low&Gg.p
ribozyme P1 stem. Only comparable kinetic parameters-11 kcal-motl) as compared wittAGg.s (9.8 kcal-matd),
measured using the complementary substrate-ribozyme pain®duct formation was favorable. Also, this variant kinetically
were analyzed (Tabl®). In order to comprehend the effect of exhibited the highest apparent second-order rate constant
these mutations clearly, the mutation at each position will b6 pM—Lmin-1; Table 2) and its calculateck; value was
discussed individually. 0.17uM~Lmirrl. Therefore, the product formation step is

unlikely to be a rate determining step, rather the substrate

association step is more likely to be the rate determining step.
O0RzP1-A23N ribozymes and respective SU8N substrates

O0RzP1-C24N ribozymes and respective SG7N substrates
The position A23-SU8 has previously been shown to have an
important role in cleavage since any mismatches introduced infdve position C24 has been shown to be important for both the
the substrate at this position resulted in a complete lack stibstrate binding and cleavage steps. The substitution of C24 by
cleavage with a ribozyme binding affinity similar to that of theU gave rise to the variadRzP1-C24U that could recognize the
wild-type substrate3). One possible explanation might be thatcomplementary substrate with the same affinity as the wild-type
the initial step of thedelta cleavage pathway involves an ribozyme, but cleaved it at a much slower rate. The resulting
incomplete base pairing of the P1 stem. In this scenario, the Ransition energy wasl kcal-mot! higher than that of wild-type,
stem contains a weak hydrogen bond, presumably at positionicating that the uridine ring could not stabilize the transition
A23, which is flanked by three conventional base pairs on the t@onformation as efficiently as the cytosine ring. However, an
of the stem and two conventional base pairs plus an additiorintrease in the Mg concentration restored the cleavage rate to
wobble base pair at the bottom of the P1 stem. This initial affinitgpproximately one-third (0.1 mi# of that of the wild-type
with a weak hydrogen bond(s) is subsequently restored to a maileozyme (Table2). A similar effect was described earlier for
stable form of a conventional base pair prior to the chemic@RzP1-A23G, suggesting that there is some change in the
cleavage. The formation of both the P1 stem and the propeinemical environment.
substrate—ribozyme complex will then result in product formation. The variant®RzP1-C24A and -C24G could bind their comple-
We found thadRzP1-A23C could bind its substrate analog andnentary substrates producing less stable substrate-ribozyme
uncleavable mismatched substrates with the same affinitgpmplexes as evidenced by the fact that their Gibbs free energy
reminiscent of the situation observed with the wild-type ribozymef binding was1l kcal-mot® greater than that of the wild-type
(3). The substrate binding affinity of tB&RzP1-A23U variant was ribozyme (Table3). Interestingly, the destabilization of the
not compromised by mismatches in its uncleavable substrasbstrate—ribozyme complex did not affect the cleavage rate,
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although the transition energy increased iyl kcal-motl. ~ ACKNOWLEDGEMENTS
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